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ABSTRACT

Disturbance dAta, together with guidance signals, are needed to
perform realistic ,nalyses of flight control systems. Stochastic
disturbances, which are by definition defined only in a statistical
s( se, have not previously been compiled and codified for use in such
ar.lyses. The stochastic data included in this report cover the subjects
of winds, wind shear, guats. magnetic fields, solar radiation, vibration
and acoustics, meteors, thrust irregularities, and sensor noise. Areas
of these subjects in which needed data are lacking have been exposed
by the study. Present programs of data accumulation cited and the
recosoended new programs will produce significant information raquired
to supplement the data of this report. A table of earth magnetic field
intensities is included as an appendix.
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I INODIUCTIO1

Yethods of analysis of flight control system have been refined to
such a degree that the response of a vehicle-control system coubintion to
specified input, may be accurately described. Knowledge of the form of
actual inputs, hcmever, has not progressed so rapidly. Inputs consist of
a combination of comand or guidance signals, vhich direct the flight
path; and disturbances, which either force the vehicle from its deuired
path ur attitude or generate false comand signals. Disturbances which
exist may be considered as non-stochastic or stochastic with the latter
generally being considered as those disturbances which are known only in
a statistical sense. The purpose of this report is to compile and code
stochastic disturbance data for use in the analysis of flight control
system,. A comparable progran in the area of command and guidance signals
would supplement the data of this report to afford a relatively complete
definition of actual control system inputs.

Disturbancws which are readily determinable, such as the force of
tba gravitational field, are not included in this study. On the other
hand, the magnitude and direction of the geomagntic field, which is
determinable, is included in the progran because of the limited
availability of this information for the higher altitudes. The range of
altitudes fo'c ftich data are given is from sea level to 1,000 miles. No
limits are sasumad on the type of vehicles to which the disturbances
apply; howmver, use of the data in control system analysis limits the
dynamic frequency range considered to a maximum of about 60 radians per
second.

Kamsorpt released by authors Mrch 1962 for publication as an MD
TeAnical DOCM07 Aeport.
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11 DATA APPLICATION

The relative importance of the several disturbances covered in this
report varies as a function of vehicle design, altitude, speed, and other
factors. To a hovering VTOL aircraft, for example, the effect of solar
pressure is negligible; but winds, wind shear, and gusts are of paramount
importance. A large, nomtallic satellite orbiting at an altitude above
five hundred miles is greatly influenced by solar pressure; a metal
satellite orbiting at the same altitude may be most sign ficantly affected
by magnetic disturbances. From these considevations, it is evident that
only general indications can be given as to which disturbane s should be
considered in analyzing any particular flight control systems.

Representations of the relative importance of the various disturb-
ances are made in Figures 1 and 2, where the independent variable of
altitude is plotted as the ordinate. Vehicles and their typical operation:
are also inferred pictorially in Figure ). Some disturbances are seen to
influence vehicles only when they are operating within the ataosphere;
others influence vehicles only when they are in orbit ar on escape paths.
It may be seen from these figures that there are altitudes where the sun
of all disturbances is large and others where the total disturbance is
relatively small. It ast be kept in mind that the degree of severity
of any disturbance depends upon the vehicle's cusceptibility and its
ability to recover from the effect.

The specifi. tenser i. which the data are applied to the anlysis of
flight control systems is a complex subject. In :ost cases, the first
concern in control system design is that of avoiding unacceptable per-
forsmce, viz., divergent oscillations or catastrophic upset conditions.
By considering the statistics of the disturbance intensities, this require-
ment can usually be met, and is frequently found to establish the maximum
control power requirement or rate of build-up of control torque. Beyond
this basic consideration, however, there are numerous criteria for control
system design. Power spectrum densities of gusts are required to analyze
performance as related to structural fatigue analyses. Simple statistical
data on wind intensities are needed to predict the probable off-set of the
path of a vehicle Ohen there is no path translation correction. For
copercial vehicles, the damping and frequency of pitch oscillations
induced by disturbances may be governed on the basis of passenger comfort.

Non-stochastLc disturbances, such as fuel slosh or body bending, can
he included in the analysis of a flight control system by simply adding
the analytical formulations to the vehicle-control system matrix. (This
is not to imply that such forulations and associated coupling terms are
well established, but only that the manner of Including such disturbances
is known.) Stochastic disturbances, which are the subject of this report,
will generally be included in the system anlysia in the form of independent
excitations. In any event, the use of mathematical analysis techniques

ASD-TDR-62-347 2
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suggest that the definition of disturbances be given as analytical functions
of time or as power density spectra. Ideally all stochastic disturbances
producing the same effect, e.g. upsetting torques, would be expressible
by a single function. This goal, and even that of expressing each of the
individual disturbances in this fashion, will require considerable further
work.

Where possible, the data given in this report are expressed in
analytical form, but in may cases the non-analytical form of the data
will require that they b,- injected into the analysis as discrete impulses
at arbitrary (possibly critical) times. There is a notable lack of infor-
nation on the relative importance of the several disturbances covered in
this report. Because of this a worst-on-worst addition of cbe effects of
disturbances may have to be assumed as a practical possibility. Certainly
this is a area for further investigation.

ASD-Tm-62-347 5



III DISTURBANCE DATA

BACKGROUND INFORMATION

Selection of -he disturbances which are included in this tudy was
made, in conjunction with the Project Engineer, on the basis of several
considerations, Only those disturbances which are considered stochastic
are included, *th the single exception of disturbances due to magnetic
fields. The sele'tion is also limited to those disturbances which exert
a measurable influence on the flight control system over some portion of
the pertinent altitude range.

The .ata contained in this report were obtained from an extensive
literature search, from unpublished results of studies at the Lockheed-
Georgia Company, and from corresponaence and conversations with various
university, governmental, sintl industrial authorities. Every effort has
been made to report only those data which have been verified. In some
cases where conflicting data existed and it was not possible to
corroborate either result, this fact is either noted or the data omitted
entirely. Data were extracted directly from some synoptic references and
from references which presented information In uniquely useful forms. A
few general comments on the data contained in the remainder of the report
are as follows:

Wind, wind shear, and gust data possibly form the most important
group of stochastic disturbance information. The probable intensities of
these disturbances for various geographical locations, altitudes and times
are presented in some detail; but analytical expressions, which may be used
directly in analysis, are presented only for the gusts. information on
anomalies such as the low altitude jet streams is reported even though the
statistical probability of occurrence or intensity is not known.

Main and control motor thrust irregularities, which produce the primary
disturbance to some vehicles during certain phases of flight, are Doc well
documented. The limited information which is available indicates that the
influence of numerous parameters must be considered. The fact that the
source of the thrust irregularities is largely a characteristic of the
motor design permits the establishment of statistical information from a
test program on similar production samples. Prediction of the magnitude
of thrust irregularities for a given motor prior to its production will
require significant advances in design information.

Vibration and acoustical disturbances also originate in conjunction
with the motor and vehicle design but are more amenable to analysis and
prediction. The data presented on this subject indicate the relative
influence of the type of motor and its thrust level, and the variation of
intensity and frequency spectrum with location. Tests or the specific
vehicle will generally be required, however, to obtain more accurate data
when a critical condition is indicated.

Data cn the intensity and direction of the fixed magnetic fields ibout
thp earth are given in detailed and accurate form. Small variations occur
Lu the field; but they are too sporadic to have their frequency excitation
qualities defined, and their magnitudes are generally so amall that they

ASD-TDR-62-347



may be neglected. Variations in solar -adiation and the related high
altitude atmospheric density variations are presented in considerable
detail. Previously unpublished analytical expressions for altitude
densities are included which permit relatively accurate calculations of
drag variations. The magnetic, solar radiation, and etmospheric drag
data, together with the less important information on meteors, permits
the calculation of all significant stochastic, ex:Arnal disturbances on
satellites.

The subject of sencor noise is discussed briefly to indicate the
areas in which this internal disturbance may be important in various
vehicles. Presentation of detailed data on the intensity and nature of
sensor noise, even limiting consideration to the major sensors and related
systems, i'2uld require an extensive program of itself.

AD-TDR-62-347 7



WINDS

Tabulations of the average winds which exist at various locations and
times are of limited value in control system ana.ysis since they give no
indication of probable maximum values. Extremes of wind velocities which
have been recorded for a given location impose excessive control requirements
if assumed for design values. For these reasons the material in this report
was prepared for several different probabil;.Lies of occurrence* which were
felt to be most representative of the requirements for vehicle control system
analysis. As an additional factor in establishing the probabilitier of
occurrence of specific wind conditions, the probabilities were considered

on the basis of the season of maxizmu speed and shear (generally the winter
season), tiu. insuring higher likielihood of a successful flight during the
other seasons of the year.

Frequently the wind profile, or magnitude cf wind as a function of
altitude, is of interest. Designating the criterion upon which the
severity of a wind profile can be iudged, however, is not a s 'ple task.
The wind speed at the level of maximum winds (30,000 to 45,000 feet in the
winter in temperate latitudes) can app. oach 340 fps as a 1 percent extreme;
whereas, the 1 percent surface winds are generally only about 50 fps. An
integrated value of the change in wind speed with altitude (the shear)

from the ground to the maximm wind level is represented by the speed at
the peak of the wind profile, sinc the surface wind is generally an
order of magnitude less than the speed at the maxium wind level. Thus,
the maximum speed of the wind profile is a good first approximation of its
integrated severity from the ground to the level of maxi wind speed.

The altitude to which the wind structure is important is another consi-
deration. Extremely strong winds and shears are known to exist at 200,000 to
400,000 feet (1)**. However, the density of air at these altitudes is such
that winds can create little force on a vehicle. A plot of wind speed versus
altitude for various q values, with the 1 percent wind profile superimposed,
is shown in Figure 3. A vacuum trajectory is often assumed in ballistic
calculations above 250,000 feet (2). Past investigators (1, 3, 4) have indi-
cated that winds in the lower 100,000 feet warrant detailed consideration
and are especially important in the 30,000 to 40,000 feet range. They have
also indicated that they were interested in a design philosophy which would
allow an optimum design wind proftle. For example, if a missile wst be able
to operate from any location in the United States and at all times, one might
consider a wind profile with a probability of 1 percent for the Middle
Atlantic Seaboard wintt-r where upper air charts indicate that the strongest
vi.gs occur.

*rrobability of occurrence levls are defined as the cslative percentage

frequencies associated with data arranged in order of decreasing magnitude.
These frequencies (levels) represent that percent of the total datu exceed-
ing a certain magnitude.

** umbers in parentheses denote references at the end of the subsection.

ASD-TDI-62-347 8
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Accurate data on wind characteristics reprcie .ative of aY. Lmportant
areas and altitudes is at preaent merely a goal. 'he % whi..n exist are
for a very few selective areas and not always accurat t % aegree that is
necessary for valid design criteria. Generally it can .e s-sid that the
prevailing winds in the middle latitudes of the northern hemisphere are
westerly, i.e. from the west, increase in speed frNl the surface to the
tropopause (30,000 to 40,000 feet), and then decreases with height to about
80,000 feet. They again increase In speed above 80,000 feet remaining
westerly in the winter and becoming easterly in the summer.

A plot of average wind speed and direction for the middle latitudes
in the northern henisphere (5) is presented in Figure 4. Sines the curve,
as plotted, is in terms of average wind velocity, its usefulness is confined
to merely presenting the picture of the general wind structure. more exsat
wind speed values, including some specific probability of occurrence, are
included in the following paragraphs.

The altitude of reversible winds is approximately 60,000 to 80,COO feet
and the change-over f:om west to eact winds above this alzitude occurs
suddenly near the vernal equinoxk (sometimes as much as a month before or
after). The return to westerlies again !a sudden near tht time of the
autumnal equinox.** Near the equinoxes the winds above 60,000 feet will vary
as much as 180" in direct .on from day to day until such tine as a steady
monsoon is established again.

It might be well to mention here the geotropic and thzrmal wind
equations from Jenkins (6) to show theoretically Low an upper-level wind is
composed. The wind near the surface of the earth is directed so that lower
pressure is to the left and higher pressure to the right as one no.e with
the wind. This motion cowes about as a balance of the pressure gradient
force, which causes a flow frce high pressure to low pressure, and the
Coriolis force, or deflecting force of the earth's rotation. The Coriolis
force acts to the right of the wind in the northern hemisphere and to the
left in the southern hemisphere so that it in fact works in opposition to
the pressure gradient force. The wind flow near the surface thus quite
nearly parallels the lines of constant pressure and its speed is dependent
upon the magnitude of the pressure gradient. The speed of the wind at the
middle latitudes, when straight line flow exists, is given by the geotropic
wind equations:

u = and v

2Tp sin 3Y 2 ap 1sin x

* , About March 21

- About September 22

ASD-TDR-62-347 10
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Where: u - wind speed in the east-west direction (ft/sec)

v - wind speed in the north-south direction (ft/sec)

C - angular velocity of the earth's rotation (rad/sec)

I - latitude (deg)

O- mass density of the air ( lb-sec )

ft4

- pressure gradient in the east-west direction ( lb)

- pressure gradient in the north-seuth direction ( lb )
AY ft3

And let z - altituie (ft)

T - temp.rature ('R)

k - gas constant of air (1545)

Subscript (o) denotes the initial condition or the condition
at the surface of the earth.

By the universal gas lgw for air, P - PRT; and the relation of air

density with respect to altitude, 1 I- - and the geotropic wind

equations, assuming the at-se density of air in constant at a given altitude,
the east-wast and north-south components of a wind at the altitude Z can be
expressed respectively as follows:

z .

I dT

v.bo'_zo TT g? J

In most cases, the range of temperature variation is very small when com-
pared to the range of altitude in above equations. For practical purposes,
the wind speed compoaents in the east-west and north-south directions can be
written respectively as:

u-u 0 + .---- -Ii# dZ

uV- o + .1 ISd2&j sin f T 0 T

z
v-V+ vo jJj .~ dZ

where:

ASD-TDR-62-347 12



T 0 temperature gradient in x direction (OR/ft)

- temperature gradient in y direction (*R/ft)
JY

Thus by changing the pressure gradient aloft, the temperature controls the
change in wind with altitude. This wind effect is celle thte "thermal wind."
At any level in the atmosphere, the total wind it n vectar :i of the surface
wind and O.e thermal wind. When the direction of lower pressure and lower
temperature are the same, the wind increases with altitite. 1.en ze.-
direction of lower pressure and higher t4mperatstre are tLa somet e t
decreAses with altitude.

In the middla latitudes in winter, the normal cosition if that bot'.
lower pressure and lower temperatures are to the north and so the winds i-
crease with altitude up to about 30,000 - 40,000 feet. Above this level
the temperature gradient generally reverses. The wind decreases in strength
somewhat up to 60,000 to 80,000 feet, but remains westerly as the temperature
reversal is not strong enough to re ,rrse the flow. In suier, however, it
appears that there is enough absorption of solar radiation in the higher
latitudes at levels above 40,000 feet to cause the wind to reverse to
easterlies by the time 60,000 feet is reached. This is due to a strong
reversal in the temperature fields at these lavels. E.id nc that the
temperature above 60,000 feet in the northern part of the niddle latitude
zone is much higher in sumer than at stations closer to tbe squator, is
shown by radio soundings taken in England during the sumr months a ud by
the sound propogation studies in Alaska (7). Since ozone shows an incr#ese
in amount with fa increase in latitude and is a strong absorber of olar
radiation, it wtndoubtedly plays a part in the temperature reversal; an,; 4U
turn, the wind reversal with seasons. Until further data are available from
the Southern Heaisphere, it is assumed that the wind patterns are similar to
the Northern Kenisphere except that the flow picture is reversed.

The curves of Figure 5 (1) shew several typical werticel distributions
of wind speed for the altitude range where direct observations are generally
available.

The strongest winds in the middle latitudas are concentrated into a
narrow core which, more or less, encircles the earth (1). The core is
often referred to as "the jet strem." It ostllates at least 5 to 10 degrees
of latitude arxmd its man yearly position which is roughly 35"N latitude.
From Figu-3 6, it can be seen that the eastern part of the country is unta r
the influence of the strongest winds in January. Tte jet stream is some-
times referred to as a separate entity, such as a tornado that can be
avoided. Thiu; is misleading since "Jet stream" is used to describe all strong
"rivers of ai-" that may exist at any location at any given time. If it is
postulated, for example, that a particular design mst not be limited by
high winds, elcept on 1 percent of the days in the winter, then all wind
data mist be considereod and jet stream wind statistics mst not be
artificially segregated.
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Average position and strength of the jet stream are showni with
heavy solid lines indicating geostrophic wind speed in miles
per hour at the level of maximum speed. Heavy arrowo; represent
center of Jet.

Figure 6. Average Jet Stcoam Locations
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An interesting aspect of the wind phenomenon of the jet stream type (9)
discovered in recent years, is the low altitude, high velocity wind streams
that are found predominately over the western and plain states. These jet
stream type air currents have magnitudes of 70 to 120 fps at their peaks and
are usually found at an altitude of 1,000 to 2,000 feet above terrain. For
several years prior to their measurement, the existence of the streams was
suspected; but it was not until 1953 that streams were actually measured.
At present, the general features of the low-level stream are fairly well
known. On days when it occurs, it begins to build up in late afternoon,
reaches its maximum in the middle of the night, and decays in the early
morning. A set of profiles indicating the build up and decay of a typical
low level jet stream is shown in Figure 7. At their peak the winds in its
core between 800 and 2,000 feet up, can attain between 70 and 120 fps, de-
creasing to 15 to 30 fps both at the ground and between 3,000 and 4,000
feet above the ground. Unlike the much faster high altitude jet stream
that girdles the earth at about 30,000 feet, the low-level stream is
essentially a local phenomenon. Nevertheless, it can sometimes be 1,000
miles long and anywhere from 50 to 500 miles wide. It probably forms
occasionally in most regions of North America, but is most comon over the
flat terrain of the Greot Plains, and it is least likely to be found in
hilly or mountainous areas. The references on low-level jet stream gave no
reasons why the stream could not occur anywhere in the world. Since it
does occur at such low altitudez with corresponding high q values, its
presence end the high shear values associated with it could be significant
design cousiderations.

Statistical data on the probable magnitude of winds at various
altitudes are available for a limited number of specific locations, and
usually are excellent in detail for these particular areas; however, prob-
able wind msgnitudes on a global scale are lacking. Until radar wind
sounding became available in about 1944 there were few strong winds aloft
recorded because sounding balloons, followed visually with theodolites,
were generally blown out of sight as the wind speed increased at higher
altitudes or the balloons could not be observed at these higher altitudes
due to clouds (1), Even today, witn radar equipment, many high wind speeds
cannot be observed because of tracking radar blockage by the horizon at the
great distance that the balloon borne radar targets are carried in these
winds. Earlier techniques became unreliable when this angle went below
14, with later equipment being reliable to about 6. These angles are
common for average speed differentials from the surface to the balloon
height of about 70 fps for the older and about 160 fps for the newer equip-
ment. However, lower speeds in the low levels permit better observations
of the strong high altitude winds (These speeds apply to normal balloon
rates of ascent of 1,000 ft/min.). Winds of 840 fps have been reported at
the 30,000 to 40,000 foot level over Jz.an (1), where the targets are often
released upstream and tracked by a series of stations to pre-vent low vertical
angles. Wind speed can also be deduced mathematically from the spacing
between height contours on meteorological, constant pressure charts (1).
Even though statistical analyses of this particular type are not available
for many locations, this information is closely approached at upper levels
in a study of the vector mean wind and the standard vector deviation of
winds up to 50,000 feet, by C.E.P. Brooks (11).
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